The mechanisms responsible for initiating autoimmune diabetes remain obscure. Here, we describe a method for identifying both the ␣-and ␤-chains of the T cell receptor (TCR) from individual pancreatic islet-infiltrating T cells at the earliest stages of disease in nonobese diabetic mice (NOD). Analysis of the TCR repertoire of these early islet infiltrates reveals enrichment for a small subset of TCR sequences. Reconstitution of these TCR in vitro demonstrates that these receptors confer reactivity to islet cells but not to the well characterized autoantigens, glutamic acid decarboxylase (GAD65) and insulin. Thus, autoimmune diabetes in NOD may be initiated by a limited number of antigens distinct from GAD65 and insulin.
The mechanisms responsible for initiating autoimmune diabetes remain obscure. Here, we describe a method for identifying both the ␣-and ␤-chains of the T cell receptor (TCR) from individual pancreatic islet-infiltrating T cells at the earliest stages of disease in nonobese diabetic mice (NOD). Analysis of the TCR repertoire of these early islet infiltrates reveals enrichment for a small subset of TCR sequences. Reconstitution of these TCR in vitro demonstrates that these receptors confer reactivity to islet cells but not to the well characterized autoantigens, glutamic acid decarboxylase (GAD65) and insulin. Thus, autoimmune diabetes in NOD may be initiated by a limited number of antigens distinct from GAD65 and insulin.
A utoimmune (type I) diabetes mellitus is a highly morbid disease afflicting nearly one million people in the United States (1) . Significant insight into the pathogenesis of type I diabetes has been garnered from the study of spontaneous diabetes in the nonobese diabetic (NOD) mouse (2) (3) (4) . Diabetes in NOD shares many features with the human disease, most strikingly the strong genetic association with the MHC class II (MHC-II) locus (5, 6) . In both NOD and humans, disease susceptibility is linked to mutation of aspartate-57 of the ␤-chain of a MHC-II molecule, DQ (human) and I-A (mouse; ref. 7) . Moreover, autoantibodies to a number of islet cell antigens, including glutamic acid decarboxylase (GAD65) and insulin, are a hallmark of autoimmune diabetes in both species (8) .
Type I diabetes is the clinical consequence of the T cellmediated destruction of the insulin-producing ␤-cells of the islets of Langerhans (4, 9) . Although both CD4 ϩ and CD8 ϩ T lymphocytes seem to be important in this disease process, several lines of evidence suggest a critical role for CD4 ϩ T cells in the initiation of diabetes. Some CD4 ϩ T cells are sufficient to trigger diabetes independently (10, 11) . Concordantly, treatment of NOD mice with anti-CD4 antibody abrogates disease (12, 13) . Introduction of MHC-II other than I-A g7 , the endogenous NOD MHC-II, also prevents diabetes, possibly by altering the CD4 ϩ T cell repertoire (14) (15) (16) . Finally, the strong genetic linkage of disease to MHC-II provides a rationale for focusing on CD4 ϩ T cells (5, 17, 18) .
Intensive effort has been directed toward identifying the antigens responsible for provoking this pathogenic T cell response. Circulating autoantibodies from diabetic patients have led to the discovery of a number of autoantigens, most notably GAD65 (19) and insulin (20) . In NOD mice, a T cell response to GAD65 appears as early as 4 weeks of age; response to islet cells, however, appears even earlier, suggesting the existence of other important early antigens (21, 22) . Many attempts to identify these critical early autoantigens have focused upon studying the specificity of islet-infiltrating T cells. Experiments with T cell clones have been limited by biases inherent in the cloning process as well as difficulty in generating clones from NOD mice younger than 4 weeks old (11, 23) . On the other hand, PCR-based studies of T cells in prediabetic mice have suggested restricted T cell receptor (TCR) utilization at the onset of insulitis (24) (25) (26) (27) . Unfortunately, these studies have been limited to analyses of bulk T cell populations and, hence, have been unable to examine the ␣-and ␤-chains of the same TCR. As a result, motifs identified by these methods cannot be studied further by reconstitution. In light of these limitations, reconstitution of TCRs in vitro or in transgenic models provides a compelling alternative.
Here, we describe a PCR method for the determination of both ␣-and ␤-chains of the TCR in single T lymphocytes. We have used this method to analyze the TCR repertoire of CD4 ϩ T cell infiltrates at the earliest stages of insulitis in NOD mice. Two motifs in the TCR ␤-chain have been identified in these early islet infiltrates. In vitro reconstitution of representative TCRs with these ␤-chain motifs demonstrates their islet-cell specificity. Furthermore, these TCRs do not appear to recognize GAD65 or insulin. Our results suggest that autoimmune diabetes in NOD may be initiated by a limited number of autoantigens distinct from GAD65 or insulin.
Materials and Methods
Single-Cell PCR Protocol. Pancreata were harvested from NOD mice and digested with collagenase P according to the manufacturer's protocol (Roche Molecular Biochemicals) in which the digestion buffer was supplemented with 1 mM PMSF͞100 M leupeptin͞1 M pepstatin A. Ficoll gradient purification of islets and preparation of a single-cell suspension from islets were performed as described (10) . Single CD4 ϩ T cells were sorted from this mixture by standard fluorescence activated cell sorter (FACS) methods into 5 l of sorting buffer (6% Triton X-100͞ 0.3 mg/ml BSA͞1.5 mM spermidine͞1.5 mM dNTPs (each)͞2.08 mM CH 3 HgOH͞16.67 g/ml oligo dT). PCR amplification of TCR ␣-and ␤-chains from the cDNA of individual T cells was performed as described in Results. Reaction conditions consisted of 1.5 mM MgCl 2 , 500 mM KCl, 100 mM Tris⅐HCl (pH 9.0), 1% Triton X-100, 0.25 units Taq polymerase. PCR products were subcloned into pGEM-T (Promega) and sequenced. Sequences of the oligonucleotides and the method for their design are given in Tables 1 and 2 , which are published as supporting information on the PNAS web site, www.pnas.org. Nomenclature used in Tables 1 and 2 is taken from Arden et al. (28) .
Construction of TCR Expression Vectors. Cassettes encoding TCR ␣ and ␤ variable chain sequences with the appropriate CDR3 were generated by PCR from genomic DNA templates. Restriction sites for subcloning, leader sequences, and unique V(D)J junctional sequences were contributed by primer oligonucleotides. TCR ␣-chain cassettes were subcloned into a previously described TCR ␣-shuttle vector, which retains a portion of the genomic TCR ␣-gene structure (29) . TCR ␤-chain cassettes were combined with the full TCR ␤ constant region sequences to generate a full-length cDNA, which then was subcloned into the mammalian expression vector pBJ1-neo (30) . Maps and sequences of these constructs are available upon request.
Reconstitution of TCRs in D10.G4.1. Linearized TCR ␣-and ␤-chain constructs were transfected into the mouse T cell clone D10.G4.1 as described (31) . Briefly, D10 cells were harvested 14 to 28 days after stimulation with antigen-presenting cells and conalbumin (Sigma), washed and resuspended in PBS ϩ 10 mM MgCl 2 at 3.1 ϫ 10 6 cells per ml. For each TCR, 750 l of this cell suspension was mixed with 4 g of linearized TCR ␤-chain construct and 20 g of linearized TCR ␣-chain construct, incubated on ice for 10 min, pulsed (300 V, 960 F) in a Bio-Rad GenePulser electroporation cuvette, placed back on ice for 10 min, diluted with 1 ml of serum-free RPMI medium 1640 and incubated at room temperature for 10 min; finally, the suspension was diluted into 10 ml RPMI medium 1640 supplemented with 10% (vol͞vol) FCS͞1 mM glutamine͞␤-ME͞sodium pyruvate͞penicillin/streptomycin. Transfections were plated in 96-well tissue-culture plates at 100 l per well with 2 ϫ 10 5 irradiated (3,500 rad) H-2 k splenocytes and 200 g͞ml conalbumin (Sigma). After 2 days at 37°C, an additional 100 l of media was added to produce a total volume of 200 l with a final concentration of 0.4 mg͞ml geneticin (G418 sulfate; GIBCO͞ BRL) and 50-100 units͞ml of mouse IL-2. Transfectants were maintained in geneticin selection medium supplemented with IL-2 and were restimulated with H-2 k splenocytes and conalbumin every 2-3 weeks. Constructs for the expression of 5C.C7 (pC7␤23 and p␤AC7␣) were the kind gift of J. Kaye (The Scripps Research Institute, LaJolla, CA) and were transfected as above (32, 33) . 
Results

A Single-Cell PCR Method for Studying the TCR Repertoire of Early
Islet Infiltrates. Panels of oligonucleotides specific for all known TCR ␣-and ␤-chain variable regions were designed (Tables 1  and 2 ) and mixed to produce separate external and internal primer sets for ␣-and ␤-chain. The complementaritydetermining region 3 (CDR3) of the TCR chains was amplified by using two nested rounds of PCR as follows: a first round with the external mixture coupled with a constant region primer, followed by a second round using the internal mixture coupled with a nested constant region primer (Fig. 1A) . TCR ␣-and ␤-chain amplifications were performed in separate reactions by using cDNA prepared from a single T cell. Under optimized conditions, a specific PCR product was recovered in over 80% of the reactions (Fig. 1B) . This technique amplifies the entire panel of TCR ␣-and ␤-chain variable regions with nearly equal efficiency (data not shown).
To apply this PCR method to the study of islet-infiltrating T cells, single-cell suspensions were prepared from purified islets and then analyzed by FACS. The addition of protease inhibitors during islet purification permitted the immediate antibody staining of cell-surface markers. Consistent with previous reports (34), islet-infiltrating CD4 ϩ T cells were first detected between 2 and 3 weeks of age (data not shown). FACS was used to isolate individual CD4 ϩ T cells from single-cell suspensions of islets from 14-to 18-day-old female NOD mice, and the TCR ␣-and ␤-chain sequences were obtained.
Restriction in TCR ␤-Chain Sequences in Early Islet
Infiltrates. We gathered 140 TCR ␣-and ␤-chain sequences from 80 single islet-infiltrating CD4 ϩ T cells isolated as above (Figs. 2, 3 , and 4, and data not shown). Analysis of the sequences for variable chain usage revealed that a disproportionate fraction of islet- infiltrating T cells bear V␤8.2 and V␤1 (Fig. 5A) . A relative abundance of V␤8.2 ϩ T cells in early islet infiltrates has been described (26) . As in this previous study, the majority of our V␤8.2 sequences have an aspartate or glutamate at position 2 of the CDR3 (ref. 35 , Fig. 2) . Nevertheless, the large number of V␤8.2 ϩ T cells found in the islet infiltrates is most likely a reflection of the high frequency of these cells in the peripheral repertoire of NOD (ref. 25 , Fig. 5B , and data not shown). Furthermore, the germline sequence of V␤8.2 encodes the aspartate seen in the majority of our sequences, and thus the prevalence of this residue is not likely due to selected junctional diversity. Finally, no other restriction in the content or length of the V␤8.2 CDR3 was apparent (Fig. 2) . For these reasons, further analysis of V␤8.2 sequences was not pursued.
Screening of individual T cells isolated from lymph nodes suggests that V␤1 ϩ T cells account for less than 5% of the peripheral CD4 ϩ repertoire (data not shown). By contrast, V␤1 was expressed by 13% of early islet-infiltrating T cells (Fig. 5A) . Alignment of these sequences shows a selection for CDR3 with a junctionally encoded acidic residue at position 3 of the CDR3 (Fig. 3A) . Of the remaining two sequences, one has a histidine at this position, the third most acidic side chain, whereas the other sequence has an aspartate in position 4. In this CDR3 motif, the acidic residue is preceded by either a glutamine or arginine. Fifty percent of these CDR3 have a length of nine amino acids. The ␣-chains paired with these V␤1 TCRs were compared when available. No restriction in either the variable or joining regions used by these TCR ␣-chains was apparent (Fig.  3B) . A comparison of the CDR3, however, revealed that four of these five ␣-chains contained an arginine in the junctionally encoded region, at either position 2 or 3 of the CDR3.
The CDR3 regions of all TCR ␣ and ␤ variable chain families for which multiple sequences were available were then aligned and assessed for restricted CDR3 length and junctional amino acid content. Although most of these comparisons yielded no evidence of restriction, five of the six V␤12 CDR3s were noted to share a motif (Fig. 4A) . In particular, they have a junctionally encoded leucine at position 2 which is preceded by a partially junctionally encoded serine. In addition, the CDR3 length within the V␤12 sequences is highly restricted, with all clones having a length of either eight or nine amino acids. No apparent restriction was noted in the three TCR ␣-chains found paired with these V␤12 sequences (Fig. 4B) . These V␤1 and V␤12 motifs were compared with V␤1 and V␤12 sequences found in CD4 ϩ T cells from pancreas-draining lymph nodes from the same animals (Figs. 3A, 4A , Lower). In these peripheral V␤1 sequences, only two of six have a junctionally encoded acidic residue, and only one had a CDR3 length of nine amino acids. Similarly, the peripheral V␤12 sequences show that none have a leucine in position 2, and furthermore, only one sequence has a CDR3 length of either eight or nine amino acids.
There is substantial evidence that the TCR repertoire of islet-infiltrating cells is quite diverse in later stages of diabetes (36) (37) (38) (39) (40) (41) (42) (43) (44) . To determine whether the V␤1 and V␤12 motifs enriched in early islet infiltrates were still present later in disease, islet-infiltrating T cells from 11-to 12-week-old female NOD mice were screened for V␤1 and V␤12. Analysis of the V␤1 CDR3 obtained from the islets of older animals revealed an almost complete dilution of the motif, with only 1 of 11 transcripts having the junctionally encoded acidic residue (Fig. 3C) . In contrast, V␤12 transcripts from the islets of older mice still showed clear bias for the junctionally encoded leucine (Fig. 4C) . The CDR3 length of the islet-infiltrating V␤12 ϩ T cells also remained highly restricted, with six of seven transcripts having a length of either eight or nine amino acids.
Reconstitution of TCRs in Vitro Demonstrates Islet-Cell Specificity.
To test the islet-cell specificity of these TCR ␤-chain motifs, a representative TCR (for which both ␣-and ␤-chain sequences was available) was selected from each of the pools of V␤1 and V␤12 sequences. A pair of expression plasmids was constructed for each of these TCR (designated V␤1V␣4 and V␤12V␣1). Stable transfectants expressing these two TCR were established in the mouse T cell clone D10.G4.1 (D10). D10 has been successfully used in previous studies for the functional expression of mouse TCR with full reconstitution of their reactivity to an appropriate MHC͞peptide complex (31, 32) . As a control, a stable transfectant of the MCC͞I-E k -reactive TCR 5C.C7 also was generated in D10 (32) . In the presence of islet cells and antigen-presenting cells (APC) bearing the NOD-specific MHC-II protein, I-A g7 , D10͞V␤1V␣4, and D10͞V␤12V␣1 were able to proliferate at a markedly higher rate than when incubated with APC alone (Fig. 6A) . By contrast, D10͞5C.C7 showed no such response to islet cells. To confirm the specificity of this response, the converse experiment was performed, in which the presence of MCC peptide and I-E k -bearing APC produced an antigen-specific response from D10͞5C.C7 but not from D10͞ V␤1V␣4 or D10͞V␤12V␣1 (Fig. 6B) .
Several islet-cell antigens have been implicated in both NOD disease and in human type I diabetes, of which GAD65 and insulin have been the most intensively studied. D10͞V␤1V␣4 and D10͞ V␤12V␣1 were tested for their reactivity to GAD65 and insulin in the presence of IA g7 -expressing APC. Neither TCR conferred reactivity to either of these two antigens (Fig. 6C) .
Discussion
Restriction of the TCR Repertoire in Early Islet-Cell Infiltrates in NOD.
Although restricted TCR repertoires have been noted in other models of autoimmune disease, including collagen-induced arthritis (45, 46) and experimental autoimmune encephalomyelitis (47, 48) , it has been unclear whether this is true in NOD. By using a PCR strategy to characterize the complete TCR sequences expressed by individual islet-infiltrating T lymphocytes, we have identified two motifs which appear to be enriched at the earliest stages of insulitis in NOD. The physiologic relevance of these TCR motifs has been demonstrated by the islet-reactivity conferred by representative TCRs with these motifs in an in vitro reconstitution assay.
Restricted TCR utilization has been suggested previously by a number of PCR-based experiments involving young, prediabetic NOD mice (24 -27) . Drexler et al. (1993) measured the relative abundance of eighteen TCR ␤-chain variable regions in islet-infiltrates from 4-week-old NOD mice. As in our study, V␤1 transcripts were found in the islets of 14 of 17 animals, with no other ␤-chain detected in more than 5 mice (24). Galley and Danska (25) tested for the relative frequencies of 10 ␤-chain variable regions in peri-islet infiltrates of 30-day-old NOD mice. In contrast to our results, they found a relative predominance of V␤3 and V␤7, only infrequently observed V␤1, and failed to detect V␤8 and V␤12. The discrepancy with our results might be attributable to the older age of the mice used in their study or to differences in the methods of detection. Yang et al. (26) described a predominance of V␤8.2 ϩ T cells in pooled islets from 14-day-old NOD females. Although we have also observed a predominance of V␤8.2 ϩ T cells in islet infiltrates, the disproportionately high levels of peripheral V␤8.2 ϩ T cells makes it difficult to assess the significance of this finding. Furthermore, the similarities between V␤8.2 sequences from islet-infiltrating T cells were limited to germline-encoded regions. No apparent restriction in CDR3 length or junctionally encoded CDR3 sequences could be identified. Indeed, the prevalence of V␤8.2 ϩ T cells with the germline-encoded aspartate at position 2 of the CDR3 has been observed in many tissues in NOD mice (49) .
TCR restriction in young NOD mice has also been suggested by a number of T cell cloning studies. An analysis of T cell clones specific for an insulin epitope has identified a TCR ␣-chain motif involving V␣13 (50) . Another recent report has described a TCR ␤-chain motif found in T cell clones specific for hsp60 p277 (51) . Interestingly, this motif is associated with V␤12, is detectable in the islets of 1-month-old NOD mice, and bears some similarities to the motif we describe. A family of T cell clones specific for p524-538 of GAD65 confer protection from diabetes and also preferentially utilizes V␤12 (52) . Further study will be required to assess the significance of these similarities.
Although these previous studies have been limited for the reasons discussed earlier (see beginning of paper), their conclusions are largely compatible with ours. In most cases, early islet infiltrates appear to have oligoclonality superimposed on a background of relatively diverse TCR usage. Additionally, preferential usage and͞or motifs involving V␤1 and V␤12 in early islet infiltrates appear to have precedence (24, 26) . Our study extends these previous findings in examining both chains of the TCR and in demonstrating the islet-cell reactivity conferred by these motifs.
Identity of Early Autoantigens and Role of Early Islet-Infiltrating T
Cells. GAD65 and insulin have been extensively studied as critical autoantigens in the pathogenesis of disease in NOD. Splenic T cell reactivity to GAD65 can be detected in NOD mice as young as 4 weeks of age (21, 53) . Immune responses to both GAD65 and insulin can be found in human type I diabetes (54) . Furthermore, tolerance induction to GAD65 (55) (56) (57) (58) and insulin (57, (59) (60) (61) in prediabetic animals can mitigate and, in some cases, prevent diabetes.
Despite compelling evidence to support the importance of these antigens in NOD, the TCR motifs we have identified from the earliest stages of disease do not confer reactivity to either GAD65 or insulin but nevertheless confer islet-cell reactivity. Our results are consistent with the observation that robust T cell responses to crude islet preparations are detectable at early time points where only weak responses are found against the known autoantigens (21, 22) . Recently, experiments with NOD mice engineered to express GAD65 ubiquitously have shown that such mice are not protected from diabetes, nor do they develop evidence of widespread autoimmunity distinct from that observed in NOD (62) . Likewise, GAD65-deficient mice bred onto the NOD background are not protected from autoimmune disease (63) . Although insulin-reactive CD4 ϩ T cells are present in early islet lesions (50) , splenic T cell responses to insulin arise late in the course of insulitis in NOD (21) . While our results do not rule out a critical role for GAD65 or insulin in the pathogenesis of diabetes in NOD, they suggest the existence of a limited number of unknown antigens that participate in the initiation of disease. Reconstitution of the motifs identified in this report, either in cell culture or in transgenic models, provides a powerful tool for the ultimate identification of these antigens.
A second question raised by our findings relates to the role played by the islet-cell reactive T cells found at this early disease stage. The description of distinct populations of T cells with regulatory and pathogenic functions in NOD has suggested that a change in the balance between these cell populations results in progression from insulitis to diabetes (reviewed in ref. 4 ). Whether the motifs described in this paper are present on T cells with protective or pathogenic activities will remain unanswered until T cells bearing these motifs are further characterized, either in vitro or in transgenic models.
Generalizable Technique. The methodology described in this paper enables the amplification of both TCR ␣-and ␤-chains from single T cells without prior knowledge of the composition or specificity of the receptor. A similar experimental strategy could be applied to the study of CD8 ϩ T cells in early islet infiltrates in NOD. T cells purified by using the tetrameric MHC-peptide reagent could be analyzed by this technique to yield a complete description of a TCR repertoire that recognizes a single MHCpeptide ligand. In general, a single-cell PCR technique will be particularly useful where tissue samples or the cells of interest may be limiting. Finally, addition of oligonucleotides specific to other molecules of interest, such as cytokines, transcription factors, or adhesion molecules, will allow single-cell expression analysis which should prove to be highly complementary to the population level analyses currently available.
